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I .  SUMMARY 


The  design  of  a  millimeter-wave  traveling -wave 
maser  (TWM)  has  been  successfully  tested.  This  TWM  combines 
the  features  of: 

1.  K  -band  (2 6  to  40  kMc)  operation, 

CL 

2.  Unprecedented  tuning  range  (for  example, 

33  to  40  kMc), 

3.  Ultra-low  noise  (0.2-db  noise  factor 
expected) — first  low-noise  amplifier  in 
this  band, 

4.  Two-port  device, 

5.  Ferrite  isolators — developed  to  ensure 
gain  stability  even  with  severe  load  mis¬ 
matches, 

6.  Tunable  by  varying  magnetic  field  and  pump 
frequency  only, 

7.  Design  suitable  for  operation  in  other  fre¬ 
quency  bands  (for  example,  18  to  26.5  kMc, 
or  12.4  to  18  kMc), 

8.  Shows  feasibility  of  developing  practical 
masers  at  the  present  time  for  operation 

at  signal  frequencies  of  150  kMc  and  higher. 

A  number  of  maser  materials  and  pumping  schemes 
were  investigated,  and  push-pull -pumped  chromium-doped  Ti02 
was  chosen  as  the  most  desirable  active  material  for  a  maser 
amplifier  operating  in  K  -band  with  wide-range  tuning  capa- 

a 

bllity.  Various  transmission  lines  were  investigated.  Broad¬ 
band  structures  and  auxiliary  apparatus  were  designed. 

Maser  action  was  successfully  obtained  in  chromium- 
doped  T102  over  the  entire  26  to  40  kMc  band,  using  very  low 
pump  frequencies  (43  to  47.6  kMc)  and  low  magnetic  fields 
(0.7  to  6  kilo-oersteds). 

Maser  action  was  next  obtained  at  the  high  magnetic 
field  region  (23.5  to  27  kMc  and  from  33.6  to  39.5  kMc).  Elec 
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tronlc  gains  averaging  8.8  db  per  inch  were  obtained  from 
23.5  to  27  kMc  using  pump  frequencies  from  64  to  72.6  kMc  at 
4.2°K  and  14  db  per  inch  in  the  33-5  to  39.5  kMc  region  at 
1.7°K  using  a  pump  frequency  from  62  to  76  kMc.  It  is  esti¬ 
mated  that  a  maser  amplifier  having  25  db  of  net  gain  can  be 
constructed  for  the  33  to  40  kMc  band  using  2-1/2  inches  of 
active  material  with  optimum  chromium  concentration. 

Isolators  of  nickel-zinc  ferrite  were  successfully 
incorporated  into  the  maser  structure  to  ensure  stable  oper¬ 
ation.  The  ferrite  tuning  curve  overlapped  the  rutile  tuning 
curve  from  33  to  41  kMc  at  4.2°K  and  suppressed  any  oscilla¬ 
tions  in  the  structure.  The  forward  loss  of  the  isolators 
was  less  than  0.5  db,  and  the  reverse  loss  was  25  to  50  db. 

Rutile  crystals  of  different  chromium  dopings  were 
tested  and  the  optimum  chromium-doping  was  determined  to  be 
O.O65  percent  Cr+^  by  weight. 
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II.  INTRODUCTION 


Low-temperature  experiments  combined  with  theoretical 
analysis  were  carried  out  to  provide  data  for  the  selection  of 

(1)  the  most  suitable  maser  material  and  pumping  techniques, 

(2)  the  best  angular  orientations  of  the  crystal  consistent 
with  pump  frequency  and  applied  magnetic  field  requirements, 

(3)  a  low-loss  traveling-wave  structure  that  is  capable  of 
being  operated  over  a  large  frequency  range,  and  (4)  ferrite 
isolators  that  will  contribute  sufficient  reverse  loss  to 
increase  stable  operation  of  the  TWM  amplifier. 
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III.  MASER  MATERIAL 


A.  SELECTION  OF  MATERIAL 

For  mil lime ter -wave  masers,  one  very  important  con¬ 
sideration  is  the  strength  of  the  applied  magnetic  field,  as 
a  function  of  zero-field  splitting  parameter  2D  for  four- 
level  maser  crystals  with  axial  symmetry  (E  -  0),  where  D  and 
E  are  crystal  field  parameters.  Figure  1  shows  magnetic  field 
requirements  for  push-pull  pumping  as  a  function  of  the  zero- 
field  splitting  factor  for  various  maser  materials  with  signal 
frequency  as  a  parameter.  In  general,  it  is  seen  that  as  low 
a  zero-field  splitting  as  possible  is  desirable,  but  this  must 
be  weighted  against  the  drop-off  in  the  pump  transition  proba¬ 
bility  at  magnetic  fields  where  the  signal  frequency  exceeds 
the  zero -fie Id  splitting  frequency.  As  Figure  1  shows,  in  the 
case  of  chromium-doped  rutile,  the  presence  of  the  E-term  in 
the  Spin  Hamiltonian  is  important  in  minimizing  magnetic  field 
requirements  in  the  high-field  region,  where  high  gains  can  be 
obtained . 

Based  on  this  consideration  and  those  that  were 
discussed  in  previous  reports,  we  have  chosen  chromium-doped 
titanium  dioxide  as  the  most  suitable  maser  material  for  the 
frequency  band  of  interest. 

B.  ANGULAR  ORIENTATION  OF  RUTILE 

Although  certain  energy-level  diagrams  of  Cr+^  in 
Ti02  are  available  (references  1,  2,  and  3),  we  have  carried 
out  our  own  computations  to  obtain  accurate  data  on  the  energy 
levels  in  this  material  for  push-pull  maser  operation.  The 
results  are  shown  in  Figure  2  for  the  signal  frequency  f^  and 
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in  Figure  3  for  the  pump  frequency  f  =  f^  =  f24  with  the 
following  parameters . 

0  =  orientation  of  H  with  respect  to  C-axis, 

ft  =  orientation  of  H  with  respect  to  the  x-axis, 
which  is  the  magnetic  axis  of  one  of  the  com¬ 
plexes  of  Cr+3  in  TIOg. 

Figure  4  shows,  in  greater  detail,  the  portions 
of  the  rutile  tuning  curves  of  Figure  2  that  are  of  interest 
in  tuning  the  band  for  27  to  40  kMc.  As  can  be  seen,  two 
crystal  orientations,  and  hence  two  maser  structures  each 
with  a  different  crystal  orientation,  are  required  to  cover 
the  band,  because  of  magnetic  field  and  pump  tuning  range 
limitations.  Two  alternatives  are  shown: 


Angle  9 
(in  degrees) 


Tuning  Range 
(In  kMc) 


A.  60 


26.5  to  35 


72.5 


33.5  to  4o 


B.  62.5 


26.5  to  33.5 


80 


33.5  to  40 


For  the  two  alternatives,  the  maximum  magnetic 
fields  are  13.5  and  12.8  kilogauss,  respectively.  Pump  fre¬ 
quency  is  in  the  60  to  90  kMc  region  where  klystrons  have 
become  available. 

When  the  crystal  is  oriented  at  0  *  54.7°*  0  ■  45° 
(Figure  2),  the  two  crystal  sites  are  aligned  so  that  their 
energy  levels  coincide,  and  twice  the  electronic  gain  is 
obtained.  Using  this  favorable  angle,  a  single -head  maser 
can  be  tuned  from  27  to  40  kMc  when  the  magnetic  fields 
change  from  12  to  17  kilogauss.  This  large  magnet  tuning 
range  might  be  obtained  from  a  superconducting  magnet. 
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Operation  in  lower-frequency  bands,  for  example, 

12.4  to  18  kMc,  and  18  to  26.5  kMc,  can  be  obtained  for  the 
same  pump  frequency  and  magnetic  fields  by  operating  at  other 
angular  orientations. 

Pump  frequency  is  minimized  by  using  push-pull  pump¬ 
ing,  where  the  pump  frequency  can  be  lower  than  twice  the  sig¬ 
nal  frequency. 


IV.  TWM  STRUCTURE 


A.  MODE  CONSIDERATIONS 

The  desirable  characteristics  of  a  TWM  structure 
include  (1)  low  circuit  loss  for  both  signal  and  pump  fre¬ 
quencies  j  (2)  high  slowing  factor  (long  electrical  length 
for  given  physical  length),  (3)  ease  of  coupling  the  signal 
and  pump  frequencies  into  the  crystal  over  a  large  frequency 
band,  (4)  high  filling  factor  for  pump  and  signal,  (5)  well- 
defined  regions  of  circular  polarization,  (6)  single-mode 
propagation  for  the  signal  over  the  tuning  range,  (7)  simple 
geometry  for  the  maser  crystal,  and  (8)  minimum  size  to 
reduce  magnet  weight. 

Consideration  was  given  at  the  outset  to  the  fol¬ 
lowing  transmission  structures. 

1.  Rectangular  waveguide  TE1Q  mode, 

2.  Circular  waveguide  TEQ1  (low-loss)  mode, 

3.  Rutile  waveguide  dielectric  mode  (work  of 

Okaya  at  Columbia  University). 

It  must  be  kept  in  mind  that  rutile  is  highly 
anisotropic,  which  makes  operation  over  a  large  frequency 
band  difficult. 

Calculations  were  carried  out  for  the  circuit 
losses  to  be  expected  for  the  various  modes.  The  results 
are  listed  in  Table  I  for  a  rutile  waveguide  with  a  cutoff 
frequency  of  20  kMc  operating  at  room  temperature . 

According  to  the  data  of  Pippard  measured  at 
1200  Me,  the  conductivity  of  silver  improves  3 . 5  times  when 
cooled  from  room  temperature  to  4.2°K.  Furthermore,  the  loss 
tangent  of  chromium-doped  rutile  is  as  low  as  2  x  10  J  at 
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4.2°K.  It  is  concluded  that  the  circuit  loss  of  fully  loaded 
rutile  waveguide  in  the  TE^q  mode  is  probably  as  low  as 
0.30  db/cm  at  liquid  helium  temperature,  so  that  this  mode 
offers  the  best  potential  because  (l)  it  has  planes  of  circu¬ 
lar  polarization,  (2)  ease  of  matching  over  large  frequency 
bands,  (3)  it  is  a  dominant  mode,  and  (4)  the  moding  due  to 
crystal  anisotropy  can  be  prevented  by  decreasing  the  wave¬ 
guide  height . 

B.  MATCHING  TECHNIQUES 

The  problem  of  matching  an  air-loaded  (0.140  x 
0.280  inch  I.D.)  waveguide  to  a  rutile  (approximately  0.015  x 
0.030  inch  I.D.)  waveguide,  which  has  a  very  low  impedance 
because  of  its  dielectric  constant  (greater  than  100),  was 
overcome  using  tapered  sections  of  undoped  polycrystalline 
Ti02.  The  polycrystalline  TiOg  has  a  dielectric  constant  near 
80  at  room  temperature.  To  maintain  a  good  match,  it  is  desir¬ 
able  to  keep  the  cutoff  frequency  nearly  constant  in  the  tran¬ 
sition  region.  This  problem  has  been  handled  by  the  use  of 
(l)  ridged  waveguide  (Figure  5)  and  (2)  dielectric-loaded 
tapered  waveguide . 

1.  RIDGED  WAVEGUIDE  STRUCTURE 

Structures  were  built  using  quadruply  ridged  wave¬ 
guide  transitions  for  the  purpose  of  matching  both  the  TE-^q 
signal-frequency  mode  as  well  as  the  higher-frequency  pump 
mode,  which  might  be  launched  in  the  TEQ1  mode.  Figure  6 
shows  Insertion  loss  as  a  function  of  signal  frequency  for  a 
copper  ridged  structure.  As  can  be  seen,  the  loss  is  near 
4.0  db  over  the  25  to  40  kMc  band  at  room  temperature. 

2.  TAPERED  WAVEGUIDE  STRUCTURE 

In  this  matching  technique,  the  waveguide  height  is 
first  tapered  to  the  height  of  the  rutile  waveguide  (0.026  to 
0.030  inch).  This  reduces  the  waveguide  impedance  by  a  factor 
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of  about  5.  The  waveguide  width  is  then  tapered  while  dielec¬ 
tric  loading  is  introduced.  The  transition  can  be  rigorously 
designed  using  K15  or  K25  stycast  tapers,  using  the  design 
curves  of  Vartanian  (reference  4). 

3.  RUTILE  WAVEGUIDE 

Figure  7  shows  the  experimental  upper  and  lower 
frequency  limits  of  our  structure  as  a  function  of  the  width 
of  the  titania  sliver  with  bath  temperature  as  a  parameter. 

As  can  be  seen,  for  a  given  crystal  width  the  pass 
band  of  the  structure  shifts  as  the  temperature  is  reduced. 

Tnis  shift  is  caused  by  the  fact  that  the  dielectric  constant 
of  the  material  increases  by  about  45  percent  as  the  crystal 
is  cooled  from  room  to  helium  temperatures,  thereby  reducing 
the  waveguide  cutoff  frequencies  and  impedance  by  21  percent. 

If,  for  example,  RG-96/U  waveguide  were  used  in 
the  input  and  output  of  the  TWM,  a  crystal  about  0.030  inch 
wide  would  keep  the  lower  cutoff  frequency  constant  at  4.2°K 
and  thereby  improve  the  match  and  maximize  the  tuning  range 
of  the  structure.  Reduction  of  the  width  of  the  maser  crystal 
so  that  the  waveguide  is  not  fully  loaded  did  not  significantly 
affect  the  slowing  because  of  the  high  dielectric  constant  of 
rutile . 

C.  SLOWING  FACTOR 

A  slowing  factor,  and  hence  increase  in  gain,  of  9 
was  measured  at  room  temperature  In  the  structure .  This 
increase  is  due  to  dielectric  slowing  caused  by  the  high 
dielectric  constant  (greater  than  100)  of  the  rutile. 
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V.  EXPERIMENTAL  RESULTS  AT  LIQUID  HELIUM  TEMPERATURES 


A.  LOW-FIELD  OPERATION 

The  initial  experiments  on  maser  action  in  chromium- 
doped  rutile  were  done  in  the  low-field  region  to  become 
familiar  with  the  energy  levels,  the  line-up  procedure,  and 
experimental  techniques. 

Population  inversion  was  successfully  obtained  over 
the  entire  range  from  23  to  40  kMc  using  pump  frequencies  from 
47.5  to  43  kMc  and  magnetic  fields  from  6  to  0.7  kilo-oersteds 
(Figure  8).  The  magnetic  field  vector  was  in  the  AC  plane 
at  0  =  54.7°,  0  =  45°  where  the  two  magnetic  complexes  of 
Cr+3  in  Ti02  are  aligned.  The  signal  and  idler  frequencies 
become  equal  at  24.1  kMc.  Near  this  frequency,  maser  opera¬ 
tion  is  not  possible  for  Q  =  54. 7° >  and  therefore  this  limits 
the  tuning  range  to  25  to  40  kMc.  The  various  operating 
points  for  the  signal  and  pump  frequency  are  shown  as  solid 
points  in  Figure  8.  As  can  be  seen,  a  very  large  tuning 
range  is  obtained  with  a  pump  source  operating  at  relatively 
low  frequency  and  tuned  over  a  relatively  narrow  range. 

Inversion  at  40  kMc,  using  a  pump  at  a  frequency  of 
only  43  kMc,  at  an  applied  magnetic  field  as  low  as  700  oersteds 
is  especially  noteworthy,  because  of  the  lack  of  success  in 
obtaining  maser  action  in  push-pull  pumped  ruby  at  a  similar 
point  in  the  low-field  region  (reference  5). 

When  the  temperature  was  reduced  from  4.2°K  to 
1 .t°K  in  the  25  to  30  kMc  range,  the  absorption  increased  by 
a  factor  of  2  and  was  in  agreement  with  the  theoretical  value 
of  2.1. 
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B.  HIGH-FIELD  OPERATION 


After  the  initial  experiments  at  low  magnetic  fields, 
all  subsequent  work  was  done  at  high  fields  where  higher  gains 
per  unit  length  and  alignment  with  ferrite  isolators  can  be 
obtained.  Magnetic  absorption  and  maser  action  have  so  far 
been  observed  at  four  push-pull  crystal  orientations  (Fig¬ 
ure  8) : 

Angle  9  Signal  Frequency  Magnetic  Field 

(degree )  _ (kMc ) _  (kllogauss) 


54.7 

23.0 

to 

31.0 

10.0 

to 

13.7 

66.0 

27.5 

to 

31.0 

8.0 

to 

11.0 

80.0 

33.0 

to 

40.0 

8.0 

to 

12.0 

90.0 

33.5 

to 

37.5 

7.5 

to 

10.5 

Our  early  work  was  concentrated  on  the  9  ■  54.7°, 

0  -  45°  orientation  because  of  (1)  the  ease  of  alignment  due 
to  its  inherent  symmetry  and  (2)  the  repeatability  of  the 
orientation.  This  repeatability  simplifies  the  comparison  of 
data  from  different  experiments  where  changes  in  chromium 
doping  or  structure  are  being  studied. 

For  the  9  -  54.7°  orientation,  emission  was  suc¬ 
cessfully  obtained,  using  crystals  of  five  different  chromium 
concentrations,  for  signal  frequencies  from  23.5  to  27  kMc, 
pump  frequencies  from  64.0  to  72.6  kMc,  and  magnetic  fields 
from  10.3  to  12  kllogauss  (Figure  9). 

In  accordance  with  theory,  both  the  electronic  gain 
and  the  Inversion  ratio  were  significantly  higher  in  the  high- 
field  region  than  was  obtained  in  the  low-field  region. 
Increased  absorption  and  emission  were  obtained  as  the  chromium 
concentration  was  increased  from  0.10  percent  starting  Cr^O^  to 
0.40  percent  starting  (Figure  9).  The  crystal  with 

0.40  percent  starting  CrgO^  gave  inferior  results,  indicating 
that  an  optimum  chromium  concentration  appears  to  exist.  In 
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each  case,  the  active  crystal  was  1/2  inch  in  length.  Table  II 
lists  the  starting  and  the  final  chromium  concentrations  of  the 
crystals  tested. 

The  best  data  were  obtained  using  the  rutile  crystal 
with  0.25  percent  starting  Cr^O^.  For  the  54.7°  crystal,  the 
magnetic  absorptions  varied  from  1.7  to  2.8  db,  and  the  elec¬ 
tronic  gain  varied  from  3.5  to  5.7  db  (Figure  9A  )  at  4.2°  and 
averaged  4.4  db  (8.8  db  per  inch) .  The  measured  inversion 
ratios  are  shown  in  Figure  9B  .  These  are  conservative  absorp¬ 
tion  and  gain  measurements,  since  gains  up  to  8  db  have  been 
measured.  The  variations  in  the  curves  are  due  to  internal 
mismatches  that  cause  regeneration  at  certain  frequencies . 

This  problem  is  eliminated  when  isolators  are  incorporated 
into  the  structure. 

When  the  liquid  helium  bath  temperature  was 
reduced  from  4.2°K  to  1.6°K,  the  absorption  increased  by  a 
factor  of  1.75  and  is  in  reasonable  agreement  with  the  cal¬ 
culated  value  of  1.60.  The  average  electronic  gain  in  the 
23  to  27  kMc  band  Increases  from  8.8  to  21  db  per  inch  at 
1.6°K. 

Emission  was  next  obtained  from  33.5  "to  39.5  kMc, 
with  a  chromium-doped  rutile  crystal  oriented  at  9  -  80°, 

0  -  25. 7°,  using  a  pump  frequency  from  62  to  76  kMc  and 
magnetic  fields  from  8.3  to  12  kiiogauss. 

The  average  magnetic  absorption  for  the  80°  crys¬ 
tal  was  5.0  db  per  inch,  and  the  electronic  gain  averaged 
5.4  db  per  inch  at  4.2°K.  When  the  temperature  was  reduced 
to  1.7°K,  the  absorption  Increased  to  8.4  db  per  inch,  and 
electronic  gain  was  14  db  per  inch.  The  chromium  concentra¬ 
tion  was  not  optimum  in  the  crystal  tested,  and  for  an  optimum 
concentration  the  measured  electronic  gain  of  14  db  per  inch 
can  be  expected  to  increase  to  17  db  per  inch. 
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c. 


EXPERIMENTAL  AND  CALCULATED  STRUCTURE  LOSS 


Although  our  matching  sections  were  not  optimized, 
an  average  input  SWR  of  1.65  and  an  average  structure  loss 
of  5  db  (including  input  and  output  waveguide  runs)  were  meas¬ 
ured  from  23  to  30  kMc  at  4.2°K  in  a  copper  structure  loaded 
with  a  half-inch  piece  of  rutile. 

As  the  length  of  the  active  crystal  is  increased, 
the  electronic  gain  and  the  losses  in  the  active  section  (in 
decibels)  increase  in  direct  proportion  to  the  length  of  the 
crystal,  but  the  losses  in  the  input  and  output  waveguide,  the 
U-turn,  and  the  input  and  output  waveguide  sections  remain 
constant . 

On  the  basis  of  the  measured  data,  it  is  estimated 
that  the  structure  loss  of  a  copper  structure  with  2-1/2  inches 
of  active  material  would  be  10.5  db  at  4.2°K. 

D.  PUMP  SATURATION 

A  representative  curve  of  electronic  gain  as  a 
function  of  pump  power  attenuator  setting  is  shown  in  Fig¬ 
ure  10.  The  curve  shows  that  the  l/2-inch  long  high- 
concentration  crystal  is  Inverted  with  an  attenuator  setting 
of  21  db,  which  corresponds  to  an  estimated  incident  pump 
power  level  of  0.3  mw.  With  the  pump  attenuator  at  0  db 
(estimated  to  be  30  mw  from  the  pump  source),  the  slope  of 
the  electronic  gain  appears  flat.  Indicating  saturation. 

E.  LINEWIDTH 

A  prime  cause  for  the  relatively  low  magnetic 
absorptions  and  emissions  appears  to  be  the  unusually  large 
linewidth  of  the  magnetic  resonance.  Table  III  summarizes 
the  measurements.  These  measured  linewidths  are  substantially 
larger  than  the  7  to  35  gauss  linewidths  reported  by  Sabisky 
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and  Gerritsen  (references  6  and  7)  and  by  Geusic  (reference  8). 

The  large  linewidths  may  be  due  to: 

1 .  Inhomogeneous  Magnetic  Field. — Magnetic 
absorptions  and  linewidths,  measured  in  the 
AIL  4-inch  magnet,  were  compared  with  meas¬ 
urements  that  we  made  in  a  12 -inch  magnet  at 
Polytechnic  Institute  of  Brooklyn.  The  meas¬ 
urements  were  in  good  agreement,  leading  to 
the  conclusion  that  the  magnetic  field  of  the 
AIL  4-inch  magnet  is  sufficiently  homogeneous 
over  the  1/2 -inch  maser  crystal. 

2 .  Variation  of  Crystalline  Electric  Field  Param¬ 
eters  D  and  E  through  Maser  Crystal . --This  pos¬ 
sibility  would  broaden  the  signal  transition 
more  than  the  idler  transition.  This  has  been 
observed  by  us  (see  Table  III)  and  is  confirmed 
by  data  from  Sablsky  and  Gerritsen  who  measured 
35  gauss  for  a  transition  involving  the  zero- 
field  splitting,  but  7  to  21  gauss  for  transi¬ 
tions  not  involving  the  zero-field  splitting. 

However,  the  effect  of  D  and  E  decreases  as 
the  magnetic  field  is  increased,  so  that  nar¬ 
rower  linewidths  would  be  expected  at  high 
fields.  This  has  not  been  observed. 

3 .  Variation  of  Crystal  Angular  Orientation. — 

This  might  be  caused  by  warpage  of  the 
structure,  unparallelism  of  the  crystal  or 
structure  surfaces  or  uneven  pressure  on 
the  crystal  (since  pressure  on  the  crystal 
could  cause  a  shift  in  resonant  frequency) . 

Variation  of  the  crystalline  c-  and/or  a-axes 
could  cause  a  similar  effect. 

In  the  high  magnetic  field  region,  9  and  0 
take  on  a  more  predominant  effect  on  the 
energy  level  distribution.  The  slopes  bf/dfi 
and  df/d©  vary  with  the  angular  orientation 
of  the  crystal  and  show  the  effect  of  any 
slight  unparallelism  of  the  crystal  with 
respect  to  the  magnetic  field.  At  the  0  * 

54.7°,  0  *  45°  orientation,  the  parameter 
bf/ty  is  about  350  Mc/degree,  and  df/d©  is 
about  100  Mc/degree.  A  variation  of  0  of 
only  1/4°  would  broaden  the  maser  resonance 
line  from  20  to  90  Me . 

The  54.7/45°  orientation  is  particularly 
susceptible  to  this  type  of  broadening 
because,  in  the  Spin  Hamiltonian  (reference  6), 

0  occurs  in  the  form  cos  20,  which  has  its 
maximum  variation  in  the  region  of  0  *  45°. 

Any  slight  unparallelism  is  therefore  reflected 
in  a  substantial  line  broadening. 
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VI .  FERRITE  ISOLATORS 


To  achieve  stable  operation  In  the  presence  of 
Internal  structure  mismatches  and  load  mismatches,  ferrite 
Isolators  were  Incorporated  Into  the  maser  structure.  To 
ensure  unconditional  stability,  the  reverse  loss  due  to  the 
isolators  must  be  larger  than  the  gain  for  one  traversal  of 
the  signal  forward  and  backward  through  the  structure . 

It  is  known  from  theoretical  (reference  4)  and 
experimental  work  (reference  9)  that  when  a  dielectric  slab 
is  mounted  in  a  coaxial  line  or  waveguide,  regions  of  nearly 
pure  circular  polarization  are  achieved  at  the  air-dielectric 
interface.  Accordingly,  a  neat  way  of  designing  a  ferrite  - 
loaded  rutile  maser  would  be  to  use  disks  or  slabs  against 
the  side  of  the  active  rutile  sliver. 

A  0.200  x  0.020  x  0.0005“inch  slab  of  nickel-zinc 
ferrite  was  incorporated  into  the  maser  structure .  Good  non¬ 
reciprocity  was  obtained  to  demonstrate  the  feasibility  of 
this  technique.  Figure  11  shows  the  results  of  room  temper¬ 
ature  measurements  of  the  reverse  loss  of  the  0 . 200-inch -long 
piece  of  ferrite  versus  the  applied  magnetic  field  with  sig¬ 
nal  frequency  as  a  parameter. 

The  ferrite  linewidth  was  measured  to  be  900  gauss 
at  room  temperature.  At  4.2°K,  the  ferrite  linewidth  increased 
to  more  than  1500  gauss,  and  the  ferrite  tuning  curve  over¬ 
lapped  the  rutile  tuning  curve  (©  -  80°)  from  33  to  41  kMc . 

The  ferrite  slab  contributed  a  forward  loss  of  less  than 
0.5  db  and  an  average  reverse  loss  from  25  to  40  db,  thereby 
ensuring  stability  of  the  maser  amplifier. 

These  ferrite  slabs  were  incorporated  into  a  maser 
structure  and  proved  successful  in  suppressing  oscillations 
due  to  structure  mismatches. 


VII.  FINAL  PACKAGING  CONSIDERATIONS 


A.  FINAL  MASER  PACKAGING  CONSIDERATIONS 

Based  on  the  experimental  results  of  the  present 
phase,  an  estimate  was  made  of  the  final  maser  amplifier 
package  that  could  operate  over  the  27  to  40  kMc  band. 

1.  STRUCTURE 

Based  on  the  measured  electronic  gains  of  14  db  per 
inch  at  0  =  80°,  /  =  25.7°  at  1.7°K,  it  is  estimated  that 
25  db  of  net  gain  can  be  achieved  in  a  physical  length  of 
only  2-1/2  inches  by  folding  the  structure  in  half  to  reduce 
the  overall  length  of  the  package.  The  physical  dimensions 
of  the  active  section  for  the  final  model  determine  the  size, 
shape,  and  weight  of  the  helium  dewar  and  magnet.  A  full- 
length  structure  (Figure  12) ,  loaded  with  active  material  on 
both  input  and  output  to  reduce  physical  length  and  magnet 
requirements,  has  been  fabricated  and  tested.  As  can  be  seen, 
the  waveguide  turn  at  the  bottom  of  the  structure  is  made  in 
reduced-height  waveguide. 

The  input  SWR  of  the  structure  averaged  1.8,  and 
the  insertion  loss  averaged  14.5  db  at  liquid  nitrogen 
temperatures  when  tested  from  27  to  39  kMc.  These  losses 
would  be  reduced  to  about  10. 5  db  when  the  structure  is 
cooled  to  liquid  helium  temperatures.  The  structure  was  made 
of  red  brass,  and  by  copper-plating  further  reductions  in 
Insertion  loss  will  be  obtained.  The  structure  was  fabricated 
so  that  the  pump  signal  can  be  brought  down  its  own  transmis¬ 
sion  line  and  introduced  into  the  signal  line  at  the  waveguide 
turn.  This  technique  takes  advantage  of  all  the  available 
pump  power,  rather  than  sacrificing  3  db,  as  is  done  presently 
by  Introducing  the  pump  through  a  waveguide  tee  on  the  input. 
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2. 


HELIUM  DEWAR 


It  Is  estimated  that  the  full-length  structure  can 
be  mounted  in  a  metal  dewar  flask,  whose  tail  would  have  the 
following  geometry  to  minimize  magnet  weight. 

The  tail  could  be  either  rectangular  or  race-track 
shaped  with  the  magnetic  field  vector  through  the  narrow  dimen¬ 
sion,  which  could  measure  0.800  inch  O.D.  x  0.480  inch  I.D. 
in  order  to  accommodate  the  full-length  structure,  which  is 
0.350 -inch  thick.  The  wide  dimension  of  the  dewar  tail  should 
be  a  minimum  of  1.10  inches  I.D.  to  accommodate  the  width  of 
the  maser  structure  and  a  pump  input  waveguide  that  would  feed 
the  maser  structure  from  the  bottom  by  means  of  a  tee,  giving 
an  equal  power  split  between  the  two  halves.  Measurements 
have  shown  that  the  discontinuity  of  the  RG-99/U  (60  to  90  kMc) 
waveguide  narrowed  down  to  0.030  x  0.122  inch  introduced  only 
a  small  mismatch  into  the  signal  waveguide. 

3.  MAGNET 

A  4-inch-diameter  electromagnet,  capable  of  supply¬ 
ing  16  kilogauss  across  a  0.850-inch  gap,  has  been  designed 
for  this  maser  by  Dr.  H.  Roters,  magnet  consultant.  This 
advanced  design  incorporates  various  weight -saving  features 
such  as  the  use  of  cobalt-iron  alloy.  The  estimated  weight 
of  the  magnet  is  215  pounds,  and  its  power  dissipation  is 
1580  watts  for  a  temperature  rise  to  90°C. 

A  superconducting  magnet  using  either  the  recently 
discovered  niobium-three -tin  or  niobium-zirconium  super¬ 
conducting  wire  is  estimated  to  weigh  less  than  5  pounds  and 
to  fit  in  a  cylinder  5  inches  in  diameter  and  5  Inches  high. 
Further  work  on  this  magnet  is  in  progress. 
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4. 


PUMP  SOURCE 


At  present,  tunable  klystrons  delivering  100  milli¬ 
watts  are  available.  For  fast  tuning,  a  BWO  would  be  required. 
A  4-millimeter  BWO  of  the  required  power  level  is  not  available 
at  present,  but  it  is  within  the  state  of  the  art. 

B.  FURTHER  IMPROVEMENTS 

1.  RESONANT  SLOWING 

Data  has  been  presented  on  a  TWM  that  has  large 
tuning  ranges  and  high  gains.  It  uses  a  small  volume  of 
active  material  by  taking  advantage  of  the  inherent  slowing 
of  rutile  (caused  by  its  high  dielectric  constant).  Resonant 
slowing  techniques  can  also  be  used,  so  that  higher  gains  per 
unit  length  can  be  achieved.  Figure  13  shows  a  calculated 
curve  of  insertion  loss  and  slowing  factor  versus  signal  fre¬ 
quency  for  a  novel  periodically  ridged  corrugated  waveguide 
filter  structure.  As  can  be  seen,  an  average  slowing  of  2.6 
can  be  realized  over  a  25-percent  tuning  range.  Since  the 
high-frequency  band  can  be  covered  by  two  maser  structures, 
each  with  tuning  ranges  of  less  than  25  percent,  resonant, 
slowing  could  be  used  without  degrading  the  proposed  tuning 
range . 

This  type  of  structure  has  alternate  stop  and  pass 
bands.  Figure  13  shows  the  pump  tuning  range  to  be  In  a 
pass  band;  thus,  this  additional  signal  frequency  slowing 
does  not  require  any  additional  pump  power. 

2.  EFFECT  OF  REDUCED  LINEWIDTH 

High  field  signal  llnewidths  of  92  to  100  gauss  are 
reported  in  Section  V,  paragraph  E  of  this  report.  Since  the 
electronic  gain  varies  inversely  with  the  linewidth,  a  sub¬ 
stantial  increase  in  electronic  gain  per  unit  length  would  be 
expected  if  the  linewidth  were  reduced  to  its  reported  value 
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of  7  gauss.  The  different  possible  causes  of  line  broadening 
mentioned  are  still  being  investigated. 

It  should  also  be  noted  that,  though  a  broadened 
resonance  line  decreased  our  electronic  gain,  it  also  has  the 
effect  of  increasing  our  instantaneous  bandwidth. 

3.  OPTIMUM  DOPING 

The  heavily  doped  boule  of  titania  that  gave  poor 
absorptions  and  inversions  is  being  studied  to  see  if  the 
chromium  went  into  the  trivalent  state.  Since  the  material 
is  relatively  new,  and  the  growing  techniques  have  not  been 
fully  refined,  there  is  a  possibility  that  the  chromium  does 
not  go  into  the  correct  valence  state  when  the  concentration 
is  so  high. 

Any  data  on  optimum  doping  must  be  considered 
tentative  until  further  investigations  are  made. 
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VIII.  CONCLUSIONS 


The  feasibility  and  design  for  a  new  K  -band  maser 
have  been  successfully  tested.  This  maser  is  of  the  traveling- 
wave  type  and  features  unprecedented  tuning  range,  low  noise 
factor,  stability  by  use  of  ferrite  isolators,  and  relatively 
low  (zzjO  kMc)  pump  frequency.  The  design  is  applicable  to 
signal  frequencies  from  12  to  150  kMc. 
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SISNAL  FREQUENCY  IN  KMC 


FIGURE  1.  COMPARISON  OF  VARIOUS  PUSH -PULL- PUMPED 
MASER  MATERIALS 


SIGNAL  FREQUENCY  IN  KMC 


FIGURE  2.  SIGNAL  FREQUENCY  VS  MAGNETIC  FIELD  FOR 
PUSH- PULL-PUMPED  CHROMIUM-DOPED  RUTILE 
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FIGURE  3 


MAGNETIC  FIELO  IN  KILO-OERSTEDS 


PUMP  FREQUENCY  VS  MAGNETIC  FIELD  FOR  PUSH-PULL' 
PUMPED  CHROMIUM-DOPED  RUTILE 


FIGURE  4 


CALCULATED  RUTILE  TUNING  CURVES 


FIGURE  5.  EXPERIMENTAL  RIDGED  WAVEGUIDE  STRUCTURE 
LOADED  WITH  Cr+3  :  T102  CRYSTAL  AND  TWO 
POLYCRYSTALLINE  MATCHING  PIECES 


FIGURE  6.  INSERTION  LOSS  OF  TWM  STRUCTURE  AT  ROOM 
TEMPERATURE 
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FIGURE  7.  OPERATING  FREQUENCIES  FOR  RUTILE-LOADED 
MASER  STRUCTURE 


FREQUENCY  IN  KMC 
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MMNETIC  HELD  IN  KU.O-OCRSTEOS 


FIGURE  8 


EXPERIMENTAL  MASER  DATA 


N  VERS  ION  RATIO  ELECTRONIC  GAIN  IN  OB  PER  INCH 


FIGURE  9.  ELECTRONIC  GAIN  AND  INVERSION  RATIO  VS 
SIGNAL  FREQUENCY 


0  4  8  12  18  20  24  28  32  38 

PUMP  ATTENUATON  IN  08 


FIGURE  10.  MASER  PUMP  SATURATION  CURVE 
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MAGNETIC  FIELD  IN  KILOGAUSt 


FIGURE  11.  REVERSE  ISOLATOR  LOSS  VS  APPLIED  MAGNETIC 
FIELD  AT  ROOM  TEMPERATURE 


FIGURE  12.  FOLDED  TWM  STRUCTURE  HAVING  AN  ACTIVE  LENGTH 
OF  2.3  INCHES 
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FIGURE  13.  SLOWING  FACTOR  AND  INSERTION  LOSS  VS  FREQUENCY 
FOR  RIDGED  SLOW-WAVE  STRUCTURE 


APPENDIX 


CALCULATED  PERFORMANCE  OF  MILLIMETER -WAVE  MASER  USING 
PUSH-PULL  PUMPING  IN  RUTILE 


Calculations . have  been  carried  out  without  using 
the  usual  assumption,  valid  for  microwave  masers,  that  hf  << 
KT.  The  calculations  gave  the  following  results: 

THERMAL  EQUILIBRIUM  POPULATION  DIFFERENCE 

We  obtain  for  the  signal -frequency  f^  transition 
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where  A  ■  h/KT. 

The  magnetic  absorption  obtained  in  a  TWM  Is  pro¬ 
portional  to  T]^  -  r^.  In  Figure  A-l,  the  magnetic  absorption 
at  30  kMc,  normalized  to  the  total  spin  population  N,  has  been 
plotted  as  a  function  of  idler  frequency  f^,  with  bath  temper¬ 
ature  as  a  parameter.  We  see  that  for  low-field  operation 
(f^  as  10  kMc),  an  Increase  In  absorption  approximately  Inversely 
proportional  to  temperature  Is  obtained.  However,  for  high- 
field  operation  (fi  *=  40  kMc),  the  absorption  stays  approxi¬ 
mately  constant  (very  unlike  microwave  maser  behavior).  This 
behavior  can  be  explained  by  noting  that,  as  the  temperature 
is  decreased,  more  spins  go  to  level  1,  so  that  fewer  spins 
are  available  in  levels  2  and  3  to  give  magnetic  absorption. 

PUMP -ON  POPULATION  DIFFERENCE 

Wo  obtain  for  the  inverted  population  difference  in 
the  signal  transition  fg^: 
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where  A  =  h/KT. 

The  gain  in  db  in  a  TWM  is  proportional  to  -  t^. 
Figure  A-2  shows  that,  even  for  our  case  when  hf  ~  KT,  a  sig¬ 
nificant  improvement  in  gain  is  obtained  when  the  bath  temper¬ 
ature  is  decreased. 

Figure  A— 3  shows  the  population  inversion  ratio  to 
be  expected  in  a  millimeter-wave  push-pull  maser. 
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FIGURE  A-l.  NORMALIZED  SIGNAL  ABSORPTION  VS  IDLER  FREQUENCY 
WITH  BATH  TEMPERATURE  AS  A  PARAMETER 
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FIGURE  A-2.  NORMALIZED  ELECTRONIC  GAIN  VS  IDLER  FREQUENCY 
WITH  BATH  TEMPERATURE  AS  A  PARAMETER 
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INVERSION  RATIO 


IOLER  FREQUENCY  IN  KMC 


FIGURE  A-3.  CALCULATED  INVERSION  RATIO  VS  IDLER  FREQUENCY 
WITH  BATH  TEMPERATURE  AS  A  PARAMETER 


